MATERIALS AND METHODS

Reagents
The monomeric aspartate-49 phospholipase A 2 from the venom of A. p. piscivorus was isolated according to the procedure by Maraganore et al. (1) . The probes laurdan, diphenylhexatriene (DPH), merocyanine 540 (MC540), fluorescein isothiocyanate-conjugated annexin V (FITCannexin), acrylodan-labeled fatty acid-binding protein (ADIFAB), and propidium iodide (PI) were acquired from Invitrogen (Carlsbad, CA). General caspase inhibitors, FAM-VAD-fmk and Z-VAD-fmk, were purchased from Cell Technology (Mountain View, CA) and Biomol (Plymouth Meeting, PA) respectively. Stock solutions of probes and inhibitors were prepared in DMSO with the exception of DPH (dissolved in N,N-dimethylformamide), PI (dissolved in distilled water), and FITC-annexin (dissolved in 25 mM HEPES, 140 mM NaCl, and 1 mM EDTA, pH 7.4). Other reagents were obtained from standard suppliers.
Cell culture and general experimental protocol
S49 mouse lymphoma cells were grown at 37 °C in humidified air containing 10% CO 2 and prepared for experiments as described (2) . Cells in culture medium were incubated with dexamethasone (dex, 100 nM) for 0-48 h; each experiment was repeated with an equivalent volume of control solvent (DMSO, 0.02% v/v) added to the culture medium to control for effects of the solvent. For spectral and hydrolysis experiments, aliquots of treated cells were washed (2) , suspended in MBSS (usually 0.4-3.0 x 10 6 cells/ml in MBSS), transferred to a quartz fluorometer sample cell, and allowed 5 min to equilibrate in the spectrofluorometer (Fluoromax 3, Horiba Jobin-Yvon, Edison, NJ or PC-1, ISS, Champaign, IL). Spectral bandpass varied between 4 and 16 nm depending on the intensity of the probe and instrument sensitivity. Temperature was maintained by circulating heated water through a jacket in the sample chamber, and sample homogeneity was assured by magnetic stirring. Washed samples for flow cytometry were incubated in a shaking bath until just prior to data collection. For microscopy experiments (confocal and two-photon), samples were prepared as for fluorescence spectroscopy; temperature at the microscope was maintained by a heated stage. Experiments were performed at 37 °C. Sample viability was assessed by PI and/or trypan blue uptake.
To the extent feasible (based on facilities), the measurements described below were made in parallel with the same samples. Specifically, membrane hydrolysis, MC540, and PI uptake were measured simultaneously with laurdan two-photon microscopy. Flow cytometry measurements of FITC-annexin binding were made simultaneously with MC540 fluorescence, membrane hydrolysis, PI uptake, and trypan blue exclusion. In a third grouping, MC540 fluorescence, membrane hydrolysis, PI uptake, and trypan blue exclusion were assessed together.
Properties of cells and susceptibility to sPLA 2 detected by PI
Time courses of PI fluorescence (monitored by fluorescence spectroscopy; excitation = 537 nm, emission = 617 nm) were used to assess the proportion of the cell population susceptible to hydrolysis by sPLA 2 . After data acquisition was initiated, PI (37 µM), sPLA 2 (35 nM), and ionomycin (300 nM) were added sequentially (with sufficient time between each addition for stabilization of the fluorescence signal). The purpose for including ionomycin was to provide an internal positive control for calibrating the maximum signal in each sample, a number required for calculating the proportion of cells in different population categories defined below. This choice was based on previous demonstration that treatment of S49 cells with snake venom sPLA 2 and ionomycin results in rapid PI uptake by all cells in the sample (3) . Since the fragmentation of DNA inherent to apoptosis reduces the fluorescence intensity of the PI-DNA complex (4), estimates of the maximum signal for dex-treated samples were obtained from the PI data after ionomycin addition in the corresponding paired control samples. Moreover, the difference in maximal PI intensity in control and dex-treated samples was used as an estimate of the population of cells with severely fragmented DNA (verified by flow cytometry, not shown).
Data points between the time of PI and ionomycin additions were fit to an arbitrary function (sum of exponentials) by nonlinear regression that allowed quantification of the population of cells still alive yet susceptible to the enzyme (i.e. those that take up PI only upon enzyme addition). To account for variations in cell number, data were normalized to cell count (by light microscopy) and light scatter values (emission intensity prior to addition of PI) separately. In most experiments both estimates of cell number were available, and the two values were averaged to improve precision. In some cases, only the light scatter data were collected and used.
In some experiments, phospholipid hydrolysis was measured concurrently with membrane permeability to PI to verify our interpretations. The protocol remained consistent with that described above, except ADIFAB (excitation = 390 nm, emission = 432 nm and 505 nm, final concentration = 65 nM) was added with PI. Generalized polarization (GP) was calculated from the fluorescent intensities at 432nm and 505 nm (I 432 , I 505 ) to quantify fatty acid release as described previously (2, 5): Fluorescence spectroscopy of probes of membrane structure Emission spectra of MC540 (170 nM) were acquired with excitation = 540 nm and emission from 550 to 700 nm. Three sets of spectra from cell samples previously incubated with DMSO or dex were acquired in the following sequence: before addition of MC540 for background, after 5 min equilibration with MC540, and 10 min following addition of ionomycin (300 nM) as an internal positive control to establish the maximum signal (see detailed explanation above under "properties of cells and susceptibility to sPLA 2 detected by PI"). Spectra were analyzed by subtracting the initial spectrum as background and integrating the intensity from 565-615 nm. In samples treated with dex or DMSO, the fraction of cells showing a positive MC540 response (f P ) was estimated as the fractional maximum response calculated from the integrated intensities:
where R is the ratio of the sample MC540 fluorescence intensity before and after ionomycin addition, and R min is the average of the 11 smallest ratios observed in DMSO samples.
Data for steady state DPH anisotropy (excitation = 350 nm; emission = 452 nm) were acquired using Glan-Thompson polarizers in the vertical and horizontal positions. Data were obtained before the addition of the probe to measure background cell fluorescence and after 20 min equilibration with DPH (2.5 µM final). Anisotropy was calculated as described (6) .
Flow cytometry
Flow cytometry data were collected from aliquots of cells in MBSS using a BD FACSCanto flow cytometer (BD Biosciences, San Jose, CA) with an argon laser (FITC and FAM-VAD-fmk: excitation 488 nm, longpass 502 nm, bandpass filter 515-545 nm; MC540: excitation 488 nm, longpass 556 nm, bandpass filter 564-606 nm). Cells treated with DMSO or dex were labeled with FITC-annexin according to a modified manufacturer protocol (Invitrogen) in which MBSS was used in place of the reaction buffer provided with the probe. FAM-VAD-fmk was added to cell cultures for the last hour of incubation with DMSO or dex according to manufacturer instructions (Cell Technology). The cells were then washed and suspended in MBSS in place of provided reaction buffer. Samples in which MC540 was added (170 nM) were incubated in the dark in a shaking water bath for 15 min. Samples were then immediately processed in the flow cytometer.
Data obtained with MC540 or FAM-VAD-fmk were analyzed based on histograms of the staining intensity of individual cells. Modest overlap between background peaks and those staining positive was deconvoluted by fitting the data to sums of Gaussian equations when necessary. The value of f P was then estimated according to conventional methods:
where N B is the number of cells displaying fluorescence intensity equivalent to background, and N T is the total number of cells assessed in the sample.
Significant overlap between the distribution of background cells and those staining positive for FITC-annexin required a modification of the analysis. In this case, we counted the number of cells in a narrow band centered at the mode of the background peak in the histogram (S B ) and did the same for the peak corresponding to FITC-annexin staining (S F ). These bands corresponded to 4.6% of the background and FITC-annexin ranges and were chosen to avoid all overlap between the peaks. The proportion of cells positive for FITC-annexin binding (f F ) was estimated according to Eq. S4:
Two-photon excitation scanning and confocal microscopy
Scanning two-photon excitation microscopy images of laurdan generalized polarization (GP) were obtained using an Axiovert 35 inverted microscope (Zeiss, Thornwood, NY) at the Laboratory for Fluorescence Dynamics (University of California, Irvine) as described previously (7, 8) . Dual images were collected simultaneously using a beam-splitter and interference filters (Ealing 490 and Ealing 440) with laser emission of 790 nm. Laurdan (250 nM) was incubated for 10 min with the cells prior to acquisition of data. Images of 20 randomly selected fields were collected from each sample.
Confocal microscopy images of MC540 fluorescence were obtained using a FluoView FV300 (Olympus, Center Valley, PA) with a green helium-neon excitation laser (excitation 543 nm). Samples were prepared as described above for spectroscopy. Histograms of intensity per pixel were obtained for confocal images. Histograms from the same experiment (i.e. from images collected on the same day, not necessarily the same image) were then combined into one normalized distribution of pixels such that each y value represented the percentage of pixels in all of the combined images at each x value. Image thresholds, contrast, and magnification were internally consistent for all experiments.
Monte Carlo Simulations
We assumed that for individual cells, the time course of each property associated with apoptosis could be described by unidirectional progression from an initial to final state using a simple twostate model:
where P is the probability of the final state, m is the midpoint time when the transition between states is 50% complete, and c is a factor that determines the sharpness of the transition. For each "cell" in the simulation, Eq. S5 was calculated twice, once for MC540 and once for FITCannexin. Gaussian random error was applied as a multiplier of m. Thus, each "cell" varied randomly with respect to the length of the apoptosis trajectory. A total of 10,000 "cells" were included in each simulation. The simulated fluorescence intensities for each probe were proportional to P and scaled by an arbitrary factor. Gaussian random error was also added to the "intensity" as background. Pixels isolated to calculate interior GP represented approximately 70% of whole cell pixels in each case. Ranges are approximate; categorization was confirmed by visual analysis. Numerical analysis was performed using SimFCS software provided by the Laboratory for Fluorescence Dynamics (University of California, Irvine). Exterior GP calculated as: (whole cell GP × whole cell pixels -interior GP × interior pixels)/(exterior pixels).
SUPPLEMENTAL RESULTS
Confocal microscopy of cells stained with MC540
Figure S1A displays control cells. In general, the staining appeared relatively faint and confined to the cell membrane. The staining was much brighter in cells treated for 12 h with dex, and the pattern usually was restricted to only or primarily the cell membrane (Fig. S1B) . However, in samples treated for periods of time longer than about 24 h (at which point the cell population was generally about 50% dead based on trypan blue permeability) the proportion of cells displaying significant uptake of the probe into intracellular compartments steadily increased (see example in Fig. S1C ). Positive control experiments using ionomycin treatment instead of dex yielded similar results and verified a sequential progression from low intensity to high intensity staining of the cell membrane and then finally interior staining (not shown). Thus, it appeared that interpretations of MC540 data were likely to be reliable if focused on the first half of the apoptosis progression.
We analyzed the distribution of fluorescence intensity among image pixels in hopes of learning additional information regarding the nature of the changes induced during apoptosis. The intensity profile obtained from the average of several images of control cells is displayed in Fig. S2A (solid circles). For cells treated 12 h with dexamethasone, the intensity profile changed shape to a broader distribution suggesting an increase in the heterogeneity of pixel intensities (open circles). In both cases the data were standardized to the total number of pixels assessed so that the areas under the curves were equivalent. This manipulation facilitated comparisons of curve shape. One possible interpretation of the result is that the apparent increase in heterogeneity simply reflects the diversity of apoptotic progression among cells in dex-treated samples. The analysis was repeated for cells treated 24 h dex. As shown in Fig. S2B , there was some variation in the overall shapes of the histograms, but the effect of dex relative to DMSO treatment appeared reproducible. We assumed that the differences in the shapes between these two control histograms were reflective of the small numbers of cells included in the analysis (≤ 11 cells/histogram). In order to obtain a large sample size of cells at the same point in their apoptotic progression, we repeated the analysis with synchronized samples produced by ionomycin treatment. As shown in Fig. S2C , the shapes of the histograms in the 24 h samples (Fig. S2B) were more typical of the pattern observed when the data from large numbers of cells (~1000 cells) were averaged. Moreover, the effect of ionomycin on the shape of the profile curve was similar to that observed with dex-treated samples, suggesting that the broadened curve shape reflects alterations in probe distribution within individual cell membranes. 
Monte Carlo analysis of MC50 and FITC-annexin flow cytometry
Monte Carlo simulations were used to assess possible experimental outcomes depending on whether membrane changes associated with MC540 fluorescence precede, coincide with, or lag behind the exposure of PS. Figure S3 illustrates results from these simulations. Figure S3A is a two-dimensional histogram of MC540 and annexin "fluorescence intensities." Multiple iterations of these simulations revealed that the relative timing of the two events is best resolved by examining the residuals of a linear regression between the two endpoints of the histogram (initial 4.5% and final 5.5% of range of abscissa values covered by the data, shown in red). Figure S3B displays the residual profile for a histogram in which the timing of changes in MC540 fluorescence coincided with binding of FITC-annexin (i.e. m = 24 h for both probes). Figures S3C and S3D show the differences in the predicted data when the events associated with MC540 precede (Fig. S3C, m = 21 h for MC540 and 24 h for annexin) or follow (Fig. S3D , m = 27 h for MC540 and 24 h for annexin) PS exposure by 3 h. As apparent in the figures, these scenarios are distinguished by the shapes of the residual profiles. These various shapes were quantified by bisecting the range of each residual profile along the abscissa (vertical dotted lines in Figs. S3B-D) . The mean of the positive residuals on the left side of the bisection line was divided by the absolute value of the mean of the negative residuals on the same side. This ratio was calculated again for the right side of the bisection line. Figure S3E summarizes these ratios and demonstrates that the differences in the shapes of the residual profiles were resolved by comparing the ratios to a null hypothesis value of 1.0 (horizontal dotted line) for each of the two sides of the residual profile. The salient features of the analysis are these:
1. When the two events coincide, the left side ratio is greater than 1.0 and the right side ratio is less than 1.0.
2. When MC540 fluorescence changes precede PS exposure, both ratios are greater than 1.0.
3. When PS exposure precedes alterations in MC540 fluorescence intensity, both ratios are less than 1.0. Figure S4 displays the results of actual experiments. A sample two-dimensional histogram is shown in Fig. S4A with the corresponding residual profile in Fig. S4B . In all of the experiments represented by Fig. S4 , the bulk of the data were clustered in the range of FITC-annexin intensities between -100 and 700 units. The histogram extremes for determining the regression (red in Fig. S4A ) corresponded to the initial 8% and final 12% of that range, and the bisection line (vertical dotted line in Fig. S4B ) was therefore centered at 300 units. Figure S4C reveals that the ratio of positive and negative means was significantly greater than the null hypothesis value of 1.0 for both sides of the residual profile, suggesting that the changes assessed by MC540 precede the exposure of PS detected by FITC-annexin. Note that the same ratio results were obtained for both DMSO and dex samples indicating similar behavior between the subpopulations of cells progressing toward death regardless of whether that process was initiated by glucocorticoid or by natural means. The arithmetic means were calculated and displayed as in Fig. S3E with all the data collected for 0, 2, 4, 6, or 8 h incubations pooled (mean ± S.E., n = 23). All groups were statistically significant with H o = 1 by two-tailed one sample t test (p < .0001). 
